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MICRONEEDLE ARRAY SYSTEMS 



BACKGROUND OF THE INVENTION 

Optical components such as those using vertical cavity surface emitting lasers 
(VCSELs) have been the subject of increasing investigation over the past decade 
throughout the world. VCSEL manufacturing has been initiated at several companies 
and commercial products incorporating VCSELs are available. The high performance 
of VCSELs such as high output power, high speed modulation provide for many 
commercial applications of VCSELs such as data links, smart pixels, print heads, 
display, scanning, sensors, etc. VCSEL arrays are successfully being integrated with 
optics and microelectronics. However, there is still a need to improve the performance 
of optoelectronic modules that connect VCSELs to the outside world, in particular, 
coupling VCSELs and other active components such as photodetectors to optical fibers. 
Optical components need to be manufactured economically and combine active 
components, such as lasers with optical fibers. Further, the manufacturing of integrated 
optical sensors needs to be improved. 

SUMMARY OF THE INVENTION 

The present invention includes systems of microneedle arrays to align multiple 
fibers to a laser or detector array. The present invention fabricates microneedles using 
techniques that include, for example, but not limited to, laser drilled Kapton or epoxy 
molding, and combines them with optical fibers, bump bonding, and UV curing 



adhesives, to manufacture a variety of optical modules useful for communications and 
sensing. 

The present invention provides economical optical components with precise 
optical alignment and high coupling efficiency. The components are scalable to a large 
number of lasers and/or detectors. In a particular embodiment the microneedle array is 
tapered. 

The present invention includes the use of Vertical Cavity Surface Emitting 
Lasers (VCSELs) and planar photodetector arrays. The taper of the hollow needles 
allows fibers to be conveniently inserted into the wider end and then guided by the taper 
to a very precise position determined by the needle bore and the precision of the needle 
placement. Since the needles are fabricated using photolithography and or laser drilling, 
both of which can achieve very accurate placement of the needles, alignment to 
tolerances of approximately a micron can be achieved. The fibers are fixed in place 
using epoxy that is thermally or UV cured (or done in combination). The z-orientation 
is determined by fixturing the needles so that the fibers, when inserted, come in contact 
with a stop. Typical needle dimensions are about 125 \xm exit hole, 125 jam length, 
175-200 |im entrance hole and 250 |im centers. 

The present invention can be utilized in applications such as, but not limited to, 
the gigabit ethernet, and other high speed optical interconnects requiring low-cost 
packaging, servers, optical backplanes, and intranets. Further, the present invention has 
applications in sensing systems. 

The foregoing and other objects, features and advantages of the invention will be 
apparent from the following more particular description of preferred embodiments of 
the invention, as illustrated in the accompanying drawings in which like reference 
characters refer to the same parts throughout the different views. The drawings are not 
necessarily to scale, emphasis instead being placed upon illustrating the principles of the 
invention. 



BRIEF DESCRIPTION OF THE DRAWINGS 

Figures 1A and IB are schematic views of flip chip components. 

Figure 2A is a top view of an assembly in accordance with the present invention. 

Figure 2B is a detailed view of the flip chip assembly in accordance with the 
present invention. 

Figures 3A and 3B are flow charts of the microneedle fabrication process and 
fiber/VCSEL assembly process in accordance with the present invention. 

Figures 4A-4C are cross-sectional views of fiber assemblies in accordance with 
the present invention. 

Figure 5 is a cross-sectional view of fibers with graded epoxy lens in accordance 
with the present invention. 

Figure 6 is a cross-sectional view of an extruded optical waveguide in 
accordance with the present invention. 

Figures 7A and 7B are views illustrating the coupling of the fiber connector to 
the laser array, before and after the coupling respectively, in accordance with the present 
invention. 

Figure 8 is a cross-sectional view illustrating a lensed fiber connector in 
accordance with the present invention. 

Figure 9 is a cross-sectional view illustrating an un-lensed fiber connector in 
accordance with the present invention. 

Figure 10 is a cross-sectional view of a lensed fiber connector with an alignment 
spacer in accordance with the present invention. 

Figure 1 1 is a cross-sectional view of an un-lensed fiber connector with an 
alignment spacer in accordance with the present invention. 

Figures 12A-12C are cross-sectional views of microneedle/fiber arrays with 
sensing elements in accordance with the present invention. 



DETAILED DESCRIPTION OF THE INVENTION 

The present invention relates to using microneedles, in particular, tapered 
microneedles, to align and form optical components. Active components, such as 
lasers, can be combined with optical fibers, either singly or in arrays with a large 
number of fibers. 

Microneedle devices and manufacturing methods for the microneedles are 
described in the following patent applications, U.S. Serial No. 09/095,221 filed on June 
10, 1998, U.S. Serial No. 09/448,107 filed on November 23, 1999, U.S. Serial No. 
09/452,979 filed on December 2, 1999 and US. Serial No. 09/453,109 filed on 
December 2, 1999, all of which are herein incorporated by reference in their entirety. 

Referring to Figures 1A, IB, 2A and 2B, to align the needle array 10 to the laser 
array 12, bump bonding using solder bumps 14 is used. This technique utilizes the 
surface tension of molten solder to align the two substrates. It has been shown that large 
misalignments (depending on the bump size, a few mils of lateral misalignment) maybe 
taken up upon melting of the solder. The bump height, and hence the distance from the 
fibers to the laser array , may also be accurately controlled by controlling the pad 16 size 
on the needle array and the size of the solder ball on its mating piece. 

Referring to Figures 3A and 3B, a preferred embodiment of the present 
invention includes a method to manufacture the microneedles and then assemble the 
fiber and VCSEL arrays having the following steps. Per step 30, microneedle devices 
include a substrate to which the base of the microneedle(s) is secured or integrated. The 
substrate can be formed from a variety of materials including, but not limited to, metals, 
ceramics, semiconductors, organics, polymers and composites. The substrate is coated 
with a photolithographically patterned epoxy molded per step 32 and seed metal is then 
deposited thereon per step 34. The needles are then plated per step 36, such as, for 
example, by electroplating. The substrate is then removed per step 38, leaving the 
microneedle array. The needles are separated per step 40 and then mounted per step 42. 

Referring specifically to Figure 3B, the assembly process for the fiber and 
VCSEL arrays includes the step of taking the microneedle array with alignment pads per 



step 50 and inserting fibers into the microneedle array per step 52. Per step 54 and 56, 
epoxy is dispensed and cured to form the fiber assembly of step 58. To form the 
VCSEL array with solder bumps per step 60, solder balls are first placed, or plated, onto 
the diode laser wafer in such a manner that each VCSEL array on the wafer has 
associated with it a number of solder bumps arranged in a symmetric geometry. These 
solder bumps are reflowed to form a hemispherical shape. The wafer is then diced into 
individual laser array chips. Next, the bumps are coined as necessary to flatten them 
out. The fiber/needle assembly, put together as described above, is fixtured and held in 
place. A laser chip is then picked up using a manual tool or a pick and place machine, 
flipped over, the bumps coated with flux by a dipping process per step 62, and placed 
and coarsely aligned onto the fiber assembly. The VCSEL array and fiber assembly are 
then joined per step 64. This procedure is optimally performed using a flip-chip bonder. 
The fiber assembly is then heated to reflow the solder per step 66. The laser chip moves 
to align over the bumps and the assembly is cooled to harden the solder. Transparent 
underfill is then applied between the laser chip and the fiber/needle array per step 68, 
providing both mechanical strength as well as increasing the coupling efficiency. The 
assembly is then tested per step 70. 

The method of the present invention results in several improvements. First, 
micrometer alignments are achieved for a large number of fibers and lasers in all three 
dimensions. Second, the fibers are easily inserted and attached to the needle array due 
to the taper. Additional strength may be provided with a perforated substrate. The 
needles offer improvement over simple holes because they protrude from the substrate 
and allow the solder bumps to be of the appropriate height. Since the needles may be 
economically fabricated with precise dimensions from, for example, metal, using circuit 
board techniques, they are inherently cheaper than silicon MEMS structures. 
Alternatively, they are molded from high-temperature plastics with similar advantages. 

Referring to Figures 4A and 4B, in an alternative embodiment of the present 
invention, UV-curing epoxy is first injected into the needles 80, 86 to form a tapered 
waveguide. The needle array is fixtured into place in proximity to a UV light source 



-6- 



with the narrow exit hole facing the source. A controlled amount of UV curing epoxy 
84, 90 (Norland) is injected into a chamber above the needles and down the needle 
bores. As the epoxy exits the bore, the UV light source is switched on and the epoxy 
cures at the exit hole. Depending on how long the light source is left on, the epoxy 
cures further up the tube, but this is a slow process. Thus, the epoxy forms a plug or 
stop at the end of the tapered needle. The optical fibers 82, 88 are then inserted into the 
uncured epoxy in the tapers, and fixed into place using a second UV light source behind 
the needle array. The epoxy is then totally cured using further UV exposure or a 
thermal curing process. The cured epoxy plug at the end of the needle forms an 
intermediate waveguide to couple the light from the laser into the fiber. Since the laser 
dimensions are much smaller than the needle dimension (approximately 10 urn vs. 100 
pm for the needle) the beam divergence is small and there is little chance for scattering 
into higher order optical modes in the epoxy plug, and the coupling even into single 
mode fiber is efficient. 

Referring to Figure 4C, in another embodiment, the epoxy 96 is injected through 
the needle 92 and allowed to form a spherical drop at the end of the needle before the 
UV light source is turned on. The UV light source can then be turned on the cure the 
epoxy into a lens shape. The radius of the lens is determined by the viscosity of the 
epoxy, the flow rate, surface tension, and the amount of time the UV light source is 
delayed before it is turned on to expose the epoxy. The fibers 94 are then inserted and 
attached as described above. The lens on the end of the needles serves to increase the 
coupling efficiency and alignment tolerances. The lensed fiber array may then be 
aligned to the detector or laser array as described above. 

In another embodiment, the lenses are formed on a first needle array with 
minimal UV exposure. A fiber assembly is built up separately using a second needle 
array as described previously. This fiber assembly is then inserted into the first lensed 
needle array and the epoxy cured to form a coupled lensed fiber array. The two tapers 
serve to provide the mechanical alignment while the lens increases the optical alignment 
tolerances and the coupling efficiency. In order to provide more precise alignment, the 



taper of the fibered needles may be chosen to have a larger angle than the lensed needle 
array. Thus, the fibered needle array encounters a mechanical stop upon insertion which 
provides both lateral and longitudinal alignment and stability. 

Referring to Figure 5, by using two coaxial needles 100 (created by inserting one 
into the other as described above) coupled to separate liquid reservoirs, more 
sophisticated optical components maybe fabricated on the needle ends. If each 
reservoir is connected to an epoxy 102, 104 of different refractive index, the materials 
can be simultaneously injected down the two coaxial needles to form a lens 106 with a 
graded refractive index. Spacers may be added during the taper fabrication process to 
stand the inner coaxial needle off from the outer needle and allow the free flow of epoxy 
between the two tapered needles. Lenses of this type may have some advantages for 
aberration correction, shorter focal distances, etc. To utilize the lens, after curing, the 
inner coaxial needle array is removed and a fiber/needle assembly inserted. Or, after 
removal of the inner coaxial needle array, the remaining epoxy may be cured to form the 
template for a removable connector. 

Alternatively, by using the two coaxial needle approach, the tapers may be filled 
with an epoxy plug with a step or graded refractive index profile. This profile has the 
advantage of minimizing scattering into higher order modes in the expanding taper, or 
minimizing losses in the contracting taper because the interaction with the metal taper 
walls is less. 

Referring to Figures 7A and 7B, in yet another embodiment, by using the two 
needle arrays 122, 124 described herein before it is possible to create a removable fiber 
connector for coupling to a laser array 128. A first needle array 124 is formed with 
either a lens or a plug at the end by the UV curing process described above. The excess 
epoxy is removed from the back of the array. A soft elastomer such as PDMS may be 
dispensed into the holes as necessary. Pins through holes in the needles arrays are then 
used for coarse alignment. Fine alignment is provided by the tapered shapes of the 
needles themselves. A second fibered needle array 122 may then be repeatably inserted 
or removed to couple the fiber array 120 to the light sources. 



Referring to Figures 8 and 9, two fiber/needle arrays 138, 140, 148, 150 maybe 
combined to form a connector by facing the two needle arrays towards each other to 
couple light from one to the other. The fiber arrays 138, 140, 148, 150 may have either 
fibers only, the UV cured epoxy plug 154, or the UV-shaped lens arrays 146 for 
improved coupling. Alignment may be provided by precision pins through the two fiber 
arrays as is commonly done today in fiber-optic ribbon connectors. 

Referring to Figures 10 and 1 1, a compliant, transparent spacer sheet 158 may be 
used between the needle arrays to provide improved optical coupling by reducing beam 
divergence. In that case, the needles 164, 174 form indentations in the compliant sheet 
and provide good coupling. Alternatively, a spacer sheet 180 is provided with laser 
drilled or lithographically patterned holes having a double taper of dimensions 
comparable to the needle dimensions. The sheet maybe bonded onto one end of the 
fiber connecter with the tapers over the needle array. When the second fiber/needle 
assembly is inserted, fine alignment is achieved by the second taper in the spacer sheet. 
In one embodiment, the spacer sheet may be fabricated in Kapton like the needle molds. 
In that case, two Kapton layers separated by a metal layer are used. Standard, aligned 
tapers are formed on both sides of the proper dimensions, and then the metal layer 
drilled or etched through to couple the two holes. Alternatively, the spacer sheet is 
fabricated to accommodate one or two of the microlenses formed on the end of the 
needles. The lenses fit coaxially down the apertures in the spacer layer to provide high 
coupling efficiency. This embodiment has the advantage of controlling rotational 
variations quite effectively. 

In the case of the lensed needle/fiber assemblies, the lens parameters are chosen 
to emit a nearly collimated beam for good optical tolerances. Larger lenses may be 
formed for better lateral tolerances. 

In yet another embodiment, an emitter (for example, a laser or LED) array and a 
detector array are coupled to needles filled with epoxy, each having a flat back surface. 
The emitter/needle assembly is then placed back to back with the detector/needle array 
and cemented together to form a multichannel opto-isolator. Voltage isolation is 
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detexmined by the dielectric strength of the epoxy. By using VCSELs a very high speed 
multi-channel opto-isolator is achieved quite cheaply for data transmission and control 
applications. 

Referring to Figure 6, plastic fiber is of interest for low cost visible optical 
5 waveguides. Using a tapered microneedle 1 10 in contact with a reservoir, plastic optical 
waveguide may be extruded in dimensions of the range 20-200 |im. In order to form a 
core/cladding structure coaxial needles as described above may be utilized. By putting 
the central needle in contact with a reservoir containing plastic 112 of refractive index 
nl, and the outer needle in contact with a reservoir with plastic 1 14 of refractive index 

10 n2 where n2<nl ? a standard waveguide refractive index profile may be extruded under 
appropriate conditions of temperature and pressure. Fiber arrays can be readily extruded 
by using a one-dimension or 2-dimension needle array. By the appropriate choice of 
extrusion geometry and dimensions, a graded index profile is also achieved, primarily 
by compressing the outer plastic into the inner core as it passes through the needle. 

15 Referring to Figures 12A-12C, the present invention has application in sensing 

systems. Optical sensors are commonly formed by doping host matrices with 
colorimetric or fluorescent materials that are sensitive to environmental conditions. 
Common applications are blood gas sensing, biological oxygen demand, food safety, 
etc. By combining such indicators with microneedles, several advantages are attained. 

20 Small sensors can be formed within the needles by injecting the appropriately doped 
matrix materials 204, 210, 218, into the needles 202, 208. Small sensor elements result 
in fast response times. Next, these sensing elements are readily combined with 
excitation and detection devices using the coupling geometries described herein above. 
The sensors can be remotely excited and/or detected using optical fibers coupled as 

25 described herein. As such, sensor arrays are readily fabricated. Using the coaxial 
needle arrangement described previously, multiple sensing materials can be 
incorporated into one position. It should be noted that excitation can be focussed or 
reflected by the lens section for greater sensitivity. As shown in Figure 12B, the 
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exposed spherical region has greater surface area for faster and larger response to, for 
example, an analyte. 

Additionally, using two needle arrays as shown in Figure 12C, one with a 
sensing material 216 and one with fibers 214 as described for the laser/fiber connector 
herein, a detachable or disposable sensing element that is readily connected and 
disconnected is achieved. The detachable sensor array fits on the end of a multiple fiber 
excitation device that is coupled through a second needle array with a wider angle than 
the sensor needles. In addition, the sensor elements themselves are low cost and 
therefore economical. In addition, since the microneedles can be injected into the skin, 
an eye, food products, etc., the needles provide an excellent means to bring the sensing 
elements contained within into contact with the environment to be sensed. 

Any of the optical configurations described herein may be combined with 
sensing materials to achieve new functionality. The sensing elements comprise a 
supporting matrix doped with various environmentally sensitive dyes. Matrix elements 
include, for example, sol gels, hydrogels, and other polymers with a high gas or liquid 
permeability. By using a hydrophobic matrix, efficient gas-liquid separation is 
achieved. There is a vast collection of dyes which can be incorporated, including, but 
not limited to, rhodamines, various bodipy dyes, ruthenium-based and other rare earth 
dyes, and metal intercalating dyes. 

The sensor elements are fabricated by dispensing the polymers under pressure 
into a needle array in much the same way the epoxies are dispensed as described herein. 
After injection, the matrices either set up or are cured using thermal or photochemical 
processes. 

While this invention has been particularly shown and described with references 
to preferred embodiments thereof, it will be understood by those skilled in the art that 
various changes in form and details may be made therein without departing from the 
scope of the invention encompassed by the appended claims. 



